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PROTECTIVE CONSTRUCTION WITH REINFORCED EARTH 
Christopher Y. Tuan. Ph.D., P.E. 
Senior Engineer 
Applied Research ~iates, Inc:. 
Gulf Coast DiY1Sion 
Tyndall AFB. FL 32403 
ABSTRACt 
The objective of this research is to develop a simple 
analytical method that characterizes plane shock wave 
propagation through reinforced earth and the dynamic 
interaction with modular retaining wall panels. The shock 
wave was initiated as a velocity boundary condition. The 
exact solution was obtained by the Laplace transform 
method. A step-by-step design procedure based on the "limit 
state" concept is proposed. Because of the impulsive nature 
of ground shock. the maximum response of the wall panel 
and reinforced soil system depends mainly on the capacity 
and rate of energy absorption and dissipation of the system. 
Therefore, the connection between wall panels and soil 
reinforcement, and soil reinforcement itself should be ductile 
beyond the proportional limit. Furthermore, the soil 
reinforcement should possess a high elastic tensile modulus to 
minimize the wall panel displacement. 
INTRODUCTION 
The use of reinforced earth in the construction of retaining 
walls has received much attention during the past decade. A 
typical wall can be constructed with interlocking modular 
panels or blocks connected to soil reinforcement. The layers 
of soil reinforcement, in the form of sheets or grids placed in 
a backfill, usually run parallel to the direction of wave 
propagation. Recent field explosive tests on a reinforced 
earth shelter conducted in Israei(Raudanski 1990; Reid 
1990,1991) have shown that such shelters can provide good 
protection from blast loading. Cruciform wall panels 
attached to horizontal metallic strips in a sandy backfill were 
utilized in that shelter construction. 
Imposing continuity for both stress and displacement at 
the interface between the soil and structure, Drake and 
Rochefort ( 1987) showed that the interface stress can be 
expressed as 
<1; = <1g +fXLWJJ -u> 
= 2<1g -pcLu (I) 
where p is the mass density and cL the loading wave velocity 
of the soil, vff is the free-field particle velocity, <1uis the free-
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field incident stress, and &i is the velocity of the structure 
They also derived the equation of motion for a single-degree-
of-freedom (SDOF) structural system. and presented 
solutions for petfectly plastic and elastoplastic structural 
responses. 
ANALYTICAL MODEL 
Figure l shows a one-dimensional model for the dynamic 
interaction between a wall panel and the reinforced earth 
attached to it. The presence of reinforcement in soil may 
significantly alter the soil's original mechanical properties. 
Since soil is not capable of carrying tensile stress, it is 
assumed in this model that any tension developed in the soil 
wiU be taken by the reinforcement and that the soil and wall 
panel stay bonded at the interface. The shear and bending 
resistance from connections between the panels has also been 
included in the analysis. 
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Figure 1. 1..0 Model ol Shock w- Propegation Through Rtinlorced Earth 
Goyqnjn~ Equation, The I D wave equation for the 
particle displacement, u(x.t), in a homogeneous medium is 
(2) 
where c is the wave propagation velocity of reinforced earth. 
Assuming strain compatibility, the apparent constrained 
modulus of the reinforced soil can be expressed in terms of 
the volume ratio of soil reinforcement, V g> 
···-·· .. ··· ·· ------------------------------------...... 
E,v, _ E,v,_ l 
(1+ v,X1-2v,) (1+ v1)(1~ 
E,(l- v,) (V )+ E,(l- v,) (1-V.) 
(1+ v,)(1-2v,) 1 (1+ v1 )(1-2v1 ) 1 
(3) 
where Es and Eg , and Vs and vg , are, respe<:tivdy, the 
Young's moduli and Poisson's ratios of the soil and 
reinforcement. The wave propaption velocity can be 
approximated by 
(4) 
and p0 • is the mass density of the reinforced earth given by 
(S) 
where Ps and Pg are the mass densities of the soil and 
reinforcement, respectively. 
Boundary Conditions. At x = 0, the shock wave front, 
having an initial particle velocity, v0 , arrives at time t = 0 
and decays exponentially, so that 
( t > 0) (6) 
where a is the particle velocity attenuation rate. The shock 
front pressure, 0'0 , is the product of the impedance of the 
reinforced earth, p0 c. and the initial particle velocity, v0 . 
At x = R. the equation of motion of the wall panel is 
M~~ =-CTxhb-K(u)u (7) 
where M is the mass of the wall panel, h is the panel height, 
b is the panel width, and K(u} is the structural stiffness of the 
wall. Expressing soil stress in tenn.s of the wall panel 
displacement, Eq.(7) becomes 
(8) 
where 
(9) 
The unit resistance function, defined as the structural 
resistance per unit area of wall panel, can be expressed as 
R(u) = K(u)u hb ( 10) 
7he unit resistance function R(u) may be modeled as linearly 
elastic, elastoplastic, perfectly plastic or by some other 
appropriate model. However, the high strain rate of a 
structural system under a strong incident shock would 
produce perfectly plastic response, if the system were 
2lf8 
designed to be ductile. Assuming perfectly plastic wall 
response, then R{u) "" R,.d{(t - toJ, where H(t - ta) is a 
Heaviside step function, 'a • Ric it the arrival time of the 
shock wave, and the ratio of unit resistance to the 
constrained reinforced earth modulus becomes a conslant 
l=~ 
Kx 
(II) 
Initial conditions. The wall panel and reinforoed earth 
tystem is at rest before the shock front arrives, and thus the 
initial conditions are: 
u(x,O)=O ( 0 s X s R) ( 12) 
au 
at(x,O)=O (OSxSR) (13) 
Solution Eq.(2), together with boundary and initial 
conditions, was solved by the Laplace transform method. 
The solution for the particle displacement u(x,t) is in the 
form 
.. 
u(x,t) = I,u1 (14) 
' Keeping only the first tive terms and using the variables, 
X tl=t-- (IS) 
c 
12 =(1+;. )-2T ( 16) 
13 = ( r-;. )-2T (17) 
t4 = (t+; )-4T ( 18) 
ts=(t-;.)-4r ( 19) 
R T= - (20) 
c 
m = I!(J.C (21) 
p=m+l (22) 
q=m-1 (23) 
l 
r=- (24> 
I!C 
s = JJC2 (25) 
the terms on the right hand side of Eq.( 14) take the form 
u1=0 ( ti <O) 
Vo ( l -CX·tl) ~- - e 
a 
( tl > 0) (26} 

peak free·field soil displacement. This corTesponds to the 
limiting case of a free soil boundary where ,\-+ 0, iJ-+ 0 
and y-+- . However, a large wall panel displacement may 
occur for a tension.controlled system. When the wall panel 
becomes separated from the soil, slippage between soil and 
soil reinforcement will have occurred. If the soil 
reinforcement tension at the interface is assumed to be a 
constant, being equal to the smaller of the soil reinforcement 
yielding force or the dynamic frictional resistance between 
soil and soil reinforcement, the maximum panel 
displacement can be determined by solving Eq.(31) 
numerically. In this case, the unit resistance R.a is the 
combined resistance of the panel connection and soil 
reinforcement. Figure 4 shows a normalized displacement 
envelope in terms of !10 I R.n... for both compression· and 
tension·controlled systems. 
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Ficure 4 IWio of Maximum Wall Displacement to Maximum 
FRe-tield Soil Displal:cme:Dt 
EXAMPLE 
A numerical example is given herein to illustrate how the 
simple 1-D model can be used to determine the rt>rmal stress 
acting on the interface between the reinforced earth and the 
wall panel and the kinematic response of the wall panel. 
Funhermore, the effects of wall panel separating from the soil 
on these response parameters are also presented. The 
physical parameters used in this example are given in Table 1. 
Figures 3 and 4 may be used to determine the maximum wall 
panel displacement rapidly. Using Eq.(3) and the values 
given in Table I, the apparent constraired modulus of the 
reinforced earth, KX> is computed to be 59,427 psi (410 
MPa). Since the soil is very iightly reinforced, the mass 
density of the soil is not significantly affected by the presence 
of the reinforcement. The seismic velocity of the reinforced 
eanh. c, is computed to be 1583 fps (482 mls). Combining 
Eqs.(9) and (24) yields 
y = K ::chb = 2000 Sec-1 
Me 
(33) 
and y/ a= 25. The peak normal stress is computed from 
the free-field panicle velocity, 
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(34) 
From Figure 3, the connection 
system falls in the "tension.controlled" region. This means 
that, during the loading phase. the wall panel is likely to 
separate from the soil Using Figure 4, the ratio of maximum 
wall panel displacement to the peak free-field displacement is 
found to be approximately 2.5. The peak free-field soil 
displacement is determined using Eq.(32). 
uff = ~ = 0.92 in. (23 mm) (35) 
a 
and the maximum wall panef displacement, "max• is 
0. 92 x 2.5 = 2.3 in. (58mm) 
T1ble I. 1-D Model P1ruaeten for die EU111ple 
Par.unctcr Value 
(I) (2) 
Young's Modulus of Soil, £1 255 MPa (37.000 psi) 
Poisson's Ratio of Soil, v1 0.3.5 
Dry Unit Weight of Soil. Ps 176.5 kgm3 (I 10 pcf) 
Young's Modulus of Reinforcement. Eg 
Unit Weight ofR.einfa«:cmcnt, Pg 
1.08 GPa (1.57,000 pSI) 
963 k&fm3 (60 pd) 
Poisson's Ratio of Reinforcement, v8 o . .w 
Volume Ratio of Reinforcement. ~g 0 .02·*"· 
Free·field Soil Panicle Velocity, v0 1.8 m/s (6 ~) 
Exponential Decay Rate, a 80 Sec" 
Length of Reinforced Eanh. R 6 .1 m (20 ft) 
Seismic Velocity of Soil, c 488 m/s ( 1600 fps) 
Unit Structural Resistance, Rmax JHPa(S psi) 
Height of Wall Panel, h 1.54 em (.S ft) 
Width of Wall Panel. b 180 em (6ft) 
Weigbt of Wall Panel. M 1180 h (2600 lb) 
Figure 5 shows that the interface stress is the 
superposition of the incident stress and the structural unit 
resistance. 
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Figure 5 Compos1tJon of Interface Stress 
In this example, !he interface stress becomes tensile at time 1 
= 14.36 mSec when the .vall panel starts separating from the 
soil. Eq.(31) becomes effective from that time instant and is 
solved numerically to determine the maximum wall panel 
displacemem. Fiaurc 6 shows that wall panel displaument 
would be signilkandy undc.:restimated if Eqs.(26K30) were 
used for a "tension-controlled" connection system. 
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LIMIT STATE DESIGN PROCEDURE 
Using the above information, a step-by-step design 
methodology is illustrated herein: 
StmJ.. Determine the volume ratio of reinforcement in the 
reinforced soil, V g· 
SWtl. Determine the peak value o0 and the decay rate a of 
the free-field normal stress in the reinforced soil due to a 
given explosion. 
~ Conduct limit analyses of the maximum pull-out 
resistance of reinforced soil. 
The resistance of the reinforced soil may become ineffective if 
sufficient embedment let'gth is not provided to develop the 
required tensile force in the reinforcement. Due to the high 
strain rate from a ground shock, an ideal soil reinforcement 
should posses high tensile modulus, high tensile and impact 
strength, but most importantly, high ductility. Requirements 
for minimum embedment length and maximum vertic:al 
spacing of reinforcement layers have been developed based 
on slope stability by Christopher et al. ( 1990) and Jewell 
( 1990). The maximum pull-out resistance of the reinforced 
soil is dictated by the following three modes offailure: 
• soil shear failure in a zone away from the reinforcement; 
• tensile rupture in the reinforcement; and 
• bond failure between soil and reinforcement. 
The smallest value of these resistances is the maximum pull-
out resistance of the reinforced soil. 
~ Conduct limit analyses of the maximum resistance of 
wall panel connection. 
Step 5. Determine the maximum wall panel displacement due 
to the given ground shock 
For perfectly plastic structural response, the maximum 
resistance per unit area of wall panel (or unit resistance), 
R,_, is the sum of the maximum unit resistance of the 
reinforced soil and that of the wall panel connection. Figures 
3 and 4 can then be used to determine the maximum wall 
panel di~placement. 
251 
Stg> 6. Oesip yainn breachin& of walt panels 
The 1989 version Air Force Protective Design Manual 
provides gujdelines for determining structural dement 
thickness and minimum standoff distance to prevent loc:aliz.cd 
breaching. McVay(1988) reported that breaching is likdy to 
~ when the scaled range, R I W 113 , is less than 1.3 
Mb 13, where R is the standoff in feet and W is the net 
explosive weight in pounds of TNT. In general, the concrete 
wall panels are reinforced with welded wire fabric(WWF) 
made of A82 steel with a minimum yield strength cf 64000 
psi. For close-in and contact explosions, fibrous concrete 
may be used as an alternative. 
CONCLUSION 
The 1-D mathematical model proposed in this study 
provides a simple method for predicting the dynamic 
interaction between reinforced earth and wall panels under 
ground shock loading. The model accounts for superposition 
of incident and reflected waves propagating between the 
velocity boundary and the wall panel. The model treats 
reinforced earth as a linearly elastic and homogeneous 
medium, and as such cannot model the hysteretic 
compaction or other plastic behavior of soil under stress 
wave propagation. 
This method of analysis can t- · lpplied to earthquake 
engineering, where the ground motion may be treated as a 
series of shock waves arriving at the wall at different instants 
of time. It is anticipated that wall panel will hilt separate 
from the soil at low stress level, and therefore, the responses 
to the different shocks can be superimposed to find the wall 
response under an earthquake motion. 
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